We have recently discussed the molecular origin of the thermal stability for viscosity and dynamic viscoelasticity of three types of rice amylopectin, the number-average chain length (CL) of which was estimated to be 18. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] We have previously proposed a gelatinization mechanism of rice (Nihonbare) starch in aqueous solution.'' The gelatinization may occur between 0-6 of the amylose and OH-2 of the amylopectin molecules with hydrogen bonding, as illustrated in Scheme 1. The short chains (A and B1) of amylopectin molecules, which are free from intramolecular association, take part in the intermolecular association. The intermolecular hydrogen bonding between amylose and amylopectin molecules has thermal stability in an aqueous solution . This bonding, however, is liable to dissociate with in-creasing temperature under a shear flow, but is stable under angular flow. However, the intermolecular hydrogen bonding, together with intramolecular associations within long chains (B3-4)6' of the amylopectin molecules, dissociates above the transition temperature in 4.0 M urea (50°C) and 0 .05 M NaOH (50°C) solution.
We report herein the flow behavior and dynamic viscoelasticity of a rice (Yukihikari) starch, and its rheological properties are analyzed with respect to its association characteristics in comparison with those of Nihonbare starch. MATERIALS AND METHODS
Materials.
Rice starch (Yukihikari), which was harvested in Hokkaido, was supplied by Susumu Hizukuri, Professor Emeritus at Kagoshima University. The amylose content and iodine affinity of the starch were 15.9 and 2L4, respectively. The iodine affinity, blue value, DP n and DP W of the amylose was 20.7, 1.51, 980 and 3800, respectively. The number-average chain length (CL) of the amylopectin was 19. The values were the normal values of rice amylopectin.
Methods. Aqueous solutions were obtained by heating mixtures of Yukihikari starch and distilled water at 105°C for 20 min . Viscosity at various shear rates (1.19-95.03 s-1 and dynamic modulus at a fixed frequency (3.77 rad s-1) were determined with a rheogoniometer consisting of a coaxial cylinder (1.8 cm diam.) with a rotating outer cylinder (2.2 cm diam.), 6.0 cm long (IR-103 , Iwamoto Seisakusho Co., Ltd., Japan) . The temperature of the sample was controlled by circulating oil from a Thermo-cool (LCH-130F , Toyo Co., Ltd., Japan) from 0 to 80°C, raised at a rate of 1 ° C/min in steps. Shear rate (y ), shear stress (r) and apparent viscosity (ij) were calculated with the equation of Margules.8' Dynamic modulus (G'), was calculated by a modification of Markovitz' s equation.9' The loss tangent was calculated from the relationship, tano = G "/G' , where G = w y ' is the loss modulus , and w is the angular velocity of the outer cylinder. Scheme 1. Possible gelatinization mechanism of rice starch in aqueous solution.
The dotted lines refer to hydrogen bonding . AP, short chains (A or B,) of amylopectin; A, amylose molecules . As shown in Fig. 2 , the apparent viscosity of Yukihkari starch at a concentration of 2.0% decreased gradually with the increase in temperature up to 45°C, then it stayed at a constant value with as the temperature increased further at a shear-rate of 9.5 s-'. For 3.0 and 4.0% solution, the viscosity showed large values at low temperature (0°C) and decreased a little with increasing temperature. Similar viscosity was observed in Nihonbare starch at However, the viscosity stayed at a constant value when the temperature reached 50°C in a solution of 4.0%.
RESULTS

AND DISCUSSION
The effects of temperature on the dynamic modulus of the Yukihikari starch at various concentrations are shown in Fig. 3 . The dynamic modulus increased with an increase in concentration from 2.0 to 3.0% and showed a very large value. A constant dynamic modulus was observed with increases in temperature up to 40 and 45°C, which was estimated to be a transition temperature, then it decreased a little with a further increase in temperature at 3.0 and 4.0%, respectively. The tan value of Yukihikari starch solution decreased from 0.93 to 0.23 when increasing the concentration from 2.0 to 4.0% at low temperature (0°C). The tan 6 values for 3.0 (0.27 at 0 °C) and 4.0% solutions decreased with increasing The dynamic modulus of Yukihikari starch (4.0%) showed low values on the addition of urea (4.0 M) even at low temperature and decreased gradually with increasing temperature, as shown in Fig. 4 . On the contrary, after storage at 20 and 4°C for 24 h, the dynamic modulus showed larger values even at low temperature (0°C) and increased as temperature was increased up to 45°C, which was estimated to be a transition (first) temperature , after which it decreased rapidly with further increases in temperature. The dynamic modulus showed a slight decrease in value when the temperature reached 65°C, which was also estimated to be a transition (second) temperature . The more large dynamic modulus was observed when the solution was stored at 4°C than that of 20°C. A sigmoid curve was observed after storage at 4 and 20°C for 24 h, respectively . On the contrary, the tan showed a large value upon the addition of urea and increased a little with increasing temperature. After storage at 20 and 4°C for 24 h , the tan 3' value decreased at low temperature (0°C) and decreased slightly as temperature increased up to 35°C, after which it increased with further increases in temperature.
When the temperature reached 50°C, however, the tan value increased rapidly up to 65°C, and then it kept a constant . A sigmoid curve was also observed in the tan value. The result indicates that a secondary association took place after storage at 20 and 4°C for 24 h, which corresponds to the retrogradation , even in the presence of urea, which is known to disrupt hydrogen-bonding.
The increase in dynamic modulus indicates that the formation of a secondary association (intra-and intermolecular) occurs during increases in temperature up to 45°C , however, it then dissociates up to 65°C . The intraand intermolecular associations within and between amylose and amylopectin molecules dissociate above the second transition temperature (65°C) in urea solution. Such a sigmoidal increase in the dynamic modulus was not observed in Nihonbare starch.7' This may be caused by a difference in the dissolving temperature of the starch; the former (Yukihikari) of which was dissolved at 105°C and the latter (Nihonbare) at 100°C. Figure 5 shows the effect of temperature on the dynamic modulus of Yukihikari starch (4.0%) after being dissolved in 0.05 M NaOH. The dynamic modulus stayed of low values in 0.05 M NaOH solution and decreased gradually as the temperature increased up to 55°C, which was estimated to be a transition temperature, after which it decreased rapidly. The dynamic modulus, however, increased after storage at 20 and 4°C for 24 h and decreased a little with increases in temperature up to 65 and 55°C, which was estimated to be a transition temperature, after which it decreased rapidly. The result indicates that a secondary association of Yukihikari starch is involved even in alkaline (0.05 M NaOH) solution, because a transition temperature where the dynamic modulus decreased rapidly was observed both after dissolving and in stored solutions. Namely, the transition temperature means in-volving a secondary association within or between Yukihikari starch molecules which are dissociated above the transition temperature. The tan showed a large value (1.02 at 0°C) in alkaline solution and kept a constant with increasing temperature up to 50°C, after which it increased. After storage at 20 and 4°C for 24 h, the tan value decreased, but showed a higher value than that of aqueous solution, and kept a constant value with increasing temperature up to 55°C, after which it increased with further increases in temperature.
CONCLUSIONS
The rheological characteristics of Yukihikari starch differ from those of amylosel' and rice amylopectin,4~' but essentially agree with those of Nihonbare rice starch'' in aqueous solution. This suggests that gelatinization of Yukihikari starch solution > 3.0%, may occur in the same manner as illustrated in Scheme 1. Yukihikari starch (4.0%) showed a curious dynamic modulus when increasing the temperature in 4.0 M urea solution after storage at 20 and 4°C for 24 h. This might be attributed to retrogradation of starch molecules during storage where intra-and intermolecular hydrogen bonding and van der Waals forces of attraction within and between amylopectin and amylose molecules might occur. Such curious (sigmoidal) dynamic modulus was also observed in an aqueous solution of native xanthan,10' deacetylated xanthan,ll' depyruvated xanthan,12' deacylated xanthan,13,14~ rhamsan gum,15,16> and S-657 gum"' where intramolecular hydrogen bonding and van der Waals forces of attraction might contribute during an increase in temperature. For Yukihikari starch, a sigmoidal curve was observed in urea (4.0 M) solution, but not in aqueous solution. This suggests that van der Waals forces of attraction, where hydroxymethyl groups and anomeric hydrogen of the D-glucosyl residues of amylopectin molecules may take part in the association,6' may play a dominant role in increasing the dynamic modulus of Yukihikari starch in urea solution.
